The electronic structural and phonon properties of Na 2−α M α ZrO 3 (M ¼ Li,K, α ¼ 0.0,0.5,1.0,1.5,2.0) are investigated by first-principles density-functional theory and phonon dynamics. The thermodynamic properties of CO 2 absorption and desorption in these materials are also analyzed. With increasing doping level α, the binding energies of Na 2−α Li α ZrO 3 are increased while the binding energies of Na 2−α K α ZrO 3 are decreased to destabilize the structures. The calculated band structures and density of states also show that, at the same doping level, the doping sites play a significant role in the electronic properties. The phonon dispersion results show that few soft modes are found in several doped configurations, which indicates that these structures are less stable than other configurations with different doping levels. From the calculated relationships among the chemical-potential change, the CO 2 pressure, and the temperature of the CO 2 capture reactions by Na 2−α M α ZrO 3 , and from thermogravimetric-analysis experimental measurements, the Li-and K-doped mixtures Na 2−α M α ZrO 3 have lower turnover temperatures (T t ) and higher CO 2 capture capacities, compared to pure Na 2 ZrO 3 . The Li-doped systems have a larger T t decrease than the K-doped systems. When increasing the Li-doping level α, the T t of the corresponding mixture Na 2−α Li α ZrO 3 decreases further to a low-temperature range. However, in the case of K-doped systems Na 2−α K α ZrO 3 , although doping K into Na 2 ZrO 3 initially shifts its T t to lower temperatures, further increases of the K-doping level α causes T t to increase. Therefore, doping Li into Na 2 ZrO 3 has a larger influence on its CO 2 capture performance than the K-doped Na 2 ZrO 3 . Compared with pure solids M 2 ZrO 3 , after doping with other elements, these doped systems' CO 2 capture performances are improved.
I. INTRODUCTION
The burning of fossil fuels is still the main energy source for the world's economy. One consequence of the use of these fuels is the emission of huge quantities of CO 2 into the atmosphere, creating environmental problems such as global climate change [1] [2] [3] . To solve such problems, there is a need to reduce CO 2 emissions into the atmosphere through capture and sequestration [4] [5] [6] .
For a given CO 2 capture technology, the optimal working conditions [CO 2 pressures of pre-and postcapture, absorption-desorption temperature range (ΔT O ), etc.] are fixed. However, at a given CO 2 pressure, the turnover temperature (T t ) of an individual solid capture CO 2 reaction is fixed. The T t may be outside the operating temperature range ΔT O for a particular capture technology. In order to adjust T t to fit the practical working ΔT O through reversible chemical transformations, we demonstrate that, by mixing different types of solids, it is possible to shift T t to the practical operating ΔT O range [7] [8] [9] . Generally, when we mix two solids A and B to form a new sorbent C, the turnover temperature of the newly resulting system (T C ) is located between those temperatures of A and B (T A , T B ), assuming that A is a strong CO 2 sorbent while B is a weak CO 2 sorbent, and T A > T B . Also, we assume that the desired operating temperature (T O ) is between T A and T B (T A > T O > T B ). Depending on the properties of A and B, we typically have three scenarios to synthesize the mixing sorbent C: (a) T A ≫ T B and the A component is the key component for capturing CO 2 . In this case, since T A is higher than T O , mixing B into A will decrease the turnover T C of the C solid to values closer to T O . For example, Li 2 O is a very strong CO 2 sorbent which forms Li 2 CO 3 . However, its regeneration from Li 2 CO 3 only can occur at very high temperature (T A ). In order to move its T A to lower temperatures, one can mix in some weak CO 2 sorbents (such as SiO 2 or ZrO 2 ). Our results show that, in this way, the turnover T t and the theoretical CO 2 capture capacity of mixtures decrease as the ratios of Li 2 O∶SiO 2 or Li 2 O∶ZrO 2 decrease [7] [8] [9] [10] [11] [12] [13] . (b) T A ≫ T B and the B component is the key component for capturing CO 2 . In this case, since T B is lower than T O , mixing A into B will increase the turnover temperature T C of the C solid to values closer to T O . For example, pure MgO (as the B component) has a very high theoretical CO 2 capture capacity [14] . However, its T B (250°C) is lower than the required temperature range of 300-470°C used in warm-gas cleanup technology, its practical CO 2 capacity is very low, and therefore, it cannot be used directly as a CO 2 sorbent in this technology. Our experimental and theoretical results show that by mixing alkali-metal oxides M 2 O (M ¼ Na,K,Cs,Ca) or carbonates (M 2 CO 3 ) into MgO, the newly formed mixed systems have higher turnover temperatures, making them useful as CO 2 sorbents through the reaction MgO þ CO 2 þ M 2 CO 3 ¼ M 2 MgðCO 3 Þ 2 [15] [16] [17] . (c) Both A and B components are active for capturing CO 2 . In this case, the CO 2 capacity of the mixture is the summation of those capacities of A and B. Li 2 MSiO 4 (M ¼ Mg,Ca, etc.) and M 2−a N a ZrO 3 (M; N ¼ Li,Na,K) belong to this category. Obviously, those doped systems can be treated as mixing of three solids (Li 2 O∶MO∶SiO 2 , M 2 O∶N 2 O∶ZrO 2 ). In this study, we focus on this type of mixing sorbents: Na 2−α M α ZrO 3 (M ¼ Li,Na,K, α ¼ 0,0.5,1.0,1.5,2.0). During past decades, experimental investigations widely found that the alkali-metal zirconates are good candidates for CO 2 capture because of their a large CO 2 -sorption capacity, an infinite CO 2 -N 2 or CO 2 -H 2 selectivity, good reversibility, and high operating temperatures [4, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Nakagawa and Ohashi [19, 20] first reported that lithium zirconate powder reacts immediately with ambient CO 2 in the range of 450°C to 550°C and that the products react and return reversibly to lithium zirconate at temperatures above 650°C. Recent experimental results also indicate that doping or mixing another alkali-metal salt into lithium zirconate can improve the CO 2 sorption [29, 30, 34] . With a thermal gravimetric analyzer under isothermal conditions, Fauth and co-workers [25] conclude that the combination of binary alkali carbonate, binary alkali-metal-alkaline-earth-metal carbonate, ternary alkali-metal carbonate, and ternary alkali-metalcarbonate-halide eutectics with Li 2 ZrO 3 noticeably improves the CO 2 uptake rate and the CO 2 -sorption capacity. These results are confirmed by Pannocchia and co-workers [18] . Lopez-Ortiz and co-workers [35] find that Na 2 ZrO 3 presents better CO 2 sorption than Li 2 ZrO 3 . Pfeiffer and co-workers [29, 30, 34] demonstrate that the lithium-sodium and lithium-potassium metazirconates (Li 2−x M x ZrO 3 , M ¼ Na,K, 0 ≤ x ≤ 2) present better CO 2 absorption than pure Li 2 ZrO 3 . Ochoa-Fernandez and co-workers [36] demonstrate that both the capture rate and capacity of lithium zirconate depend strongly on the ratio of Li 2 O to ZrO 2 . Enhanced capture rates are observed when there is less Li 2 O than ZrO 2 , possibly because excess ZrO 2 acts as a dispersant and introduces more reactive boundaries. The recent investigation on the effects of steam addition on the stability of Li 2 ZrO 3 capture of CO 2 shows that the presence of steam enhances the capture and regeneration rates but results in a large decay in the CO 2 capacity, compared with capture under dry conditions [37] . Sandoval-Díaz and Pfeiffer [38] explore the effects of CO 2 chemisorption on K-doped Na 2 ZrO 3 and they find that K doping enhances the CO 2 chemisorption and diffusion kinetics of Na 2 ZrO 3 and that a 40% doping rate gives the best solid solution for the CO 2 capture. Velderrain and co-workers [39] find that a small portion of Li addition increases the absorption capacity of Na 2 ZrO 3 , but too much Li (>25% mol) decreases its absorption capacity. From thermodynamic calculations and experimental measurements, Nakagawa and Ohashi [20] point out that the difference in CO 2 sorption capacity between Li 2 ZrO 3 and ZrO 2 not only depends on temperature and the CO 2 partial pressure but also on the presence of molten carbonates, e.g. an alkali-metal carbonate molar ratio of Li∶K ¼ 62∶38.
Computational modeling is one of the more useful tools to identify CO 2 sorbent candidates with optimal performance [7, 8, [10] [11] [12] 14] . Our previous results on Li 2 [10] . For M 2 ZrO 3 (M ¼ Li,Na,K), our previous results demonstrate that Na 2 ZrO 3 has a CO 2 capture performance similar to that of Li 2 ZrO 3 , while K 2 ZrO 3 is not a good CO 2 -sorbent candidate because it can only be regenerated at very high temperatures [11] . When substituting half of Li in Li 2 ZrO 3 with Na or K, we find that the newly formed LiNaZrO 3 has a lower T t , compared to pure Li 2 ZrO 3 , while LiKZrO 3 has a bit higher T t [40] . In this study, continuing the previous investigation, we first build our doped systems by substituting a portion of the Na in Na 2 ZrO 3 with Li or K in different Na∶Li and Na∶K ratios. Then, by combining a first-principles density-functional method with phonon dynamics, we extensively investigate the electronic structural and the lattice dynamical phonon properties of pure and doped Na 2−α M α ZrO 3 (M ¼ Li,K, α ¼ 0.0,0.5,1.0,1.5,2.0) systems. Based on the calculated energetic and thermodynamic results, the CO 2 absorption and desorption properties of these doped lithium zirconates are analyzed in detail. The obtained results provide a deeper understanding of the effects of compositional changes on the CO 2 capture performance of mixed sorbents and further facilitate the development of CO 2 sorbents that will be vital to solving global climatechange problems associated with fossil-fuel usage.
The remaining sections of this paper are organized as follows: in Secs. II and III, we briefly describe the theoretical and experimental methods we employ. In Sec. IV, we present the electronic and phonon results for these pure and doped Na 2−α M α ZrO 3 systems and compare them with other available data. This is followed by analysis of their capabilities for CO 2 capture by calculating the chemical-potential change for the capture reactions under different CO 2 pressure and temperature regimes. In Sec. V, we summarize our conclusions.
II. THEORETICAL METHODS
The calculation performed in this work is based on firstprinciples density-functional theory (DFT) with planewave basis sets and pseudopotentials to describe the electron-ion interactions. The Vienna ab initio simulation package (VASP) [41, 42] is employed in this study to calculate the electronic structures of the lithium zirconates and zirconia materials. All calculations are done using the projector-augmented-wave (PAW) pseudopotentials and the Perdew-Wang 1991 exchange-correlation functional [43] . This computational level is shown to provide an accurate description for oxide systems [44] . Plane-wave basis sets are used with a plane-wave cutoff energy of 500 eV and a kinetic energy cutoff for augmentation charges of 605.4 eV. The k-point sampling grids of 7 × 4 × 4, obtained by the Monkhorst-Pack method [45] , are used for these bulk calculations. The valence electrons contain s and p orbitals for M (M ¼ Li,Na,K) and O atoms, and s, p, and d orbitals for Zr. During calculations, all atoms in the cell as well as the lattice dimensions and angles are relaxed to the equilibrium configurations. For the band structure and phonon dispersion calculations, the symbols and coordinates of the high-symmetrical points in the first Brillouin zone of the crystals are taken from Bradley and Cracknell's definitions [46] .
Detailed descriptions of our computational methodology can be found in our previous publications [8] [9] [10] [11] [12] [13] [14] 47] . Here, we limit ourselves to providing only the main aspects relevant for the current study. The CO 2 capture reactions for pure and mixed alkali-metal zirconates Na 2−α M α ZrO 3 can be expressed generically in the form (for convenience in description, we normalize the reaction to 1 mol of CO 2 ) where Δμ 0 ðTÞ is the standard Gibbs free-energy change of the reaction, ΔE ZP is the zero-point energy difference between the reactants and products that can be obtained directly from phonon calculations. P 0 is the standard state reference pressure of 1 bar. The free energy and entropy of CO 2 (G CO 2 , S CO 2 ) can be obtained with standard statistical mechanics [50] .
In the harmonic approximation, the phonon free-energy change ( 
gðωÞðℏωÞ coth ℏω
In Eqs. (5), (6) , and (7), r is the number of degrees of freedom in the primitive unit cell, ω is the phonon dispersion frequency, and gðωÞ is the phonon density of states. It can be seen that the zero-point-energy (E ZP ) can be obtained from Eq. (7) by taking T → 0,
The enthalpy changes [ΔH cal ðTÞ] for the capture reactions above Eq. (1) can be derived from Eqs. (2), (3), (4), (5) , and (6)) as ELECTRONIC STRUCTURE, PHONON DYNAMICAL … PHYS. REV. APPLIED 3, 044013 (2015) 044013-3
In this study, we employed the PHONON software package [52] in which the direct method is applied following the formula derived by Parlinski, Li, and Kawazoe [53] to combine the ab initio DFT with phonon calculations. Similar to our previous approach, the phonon dispersion and the thermodynamic properties (zero-point energy, freeenergy change, and entropy change, etc.) can be found for each crystal. In turn, the zero-point energy change (ΔE ZP ) and the phonon free-energy change [ΔF ph ðTÞ in Eq. (2)] are obtained for the CO 2 capture reactions.
In the phonon calculations, a 2 × 1 × 1 supercell is created for Na 2−α M α ZrO 3 from their optimized unit cells, which are calculated through DFT. A displacement of 0.03 Å of nonequivalent atoms is generated. Then for the supercell, the DFT calculations are performed again to obtain the force on each atom due to the displacements. These forces are carried back to the PHONON package [52] to calculate the phonon dispersions and densities. Partition functions constructed from the phonon dispersions and densities are employed to calculate the thermodynamic properties, such as internal energy, free energy, entropy, heat capacity, etc. These thermodynamic properties are evaluated at various temperatures and CO 2 pressures, with the use of Eq. (1) to calculate the chemical-potential changes for the capture reactions given above Eq. (1) [8] [9] [10] [11] [12] [13] [14] .
III. EXPERIMENTAL MEASUREMENTS
The Li-and K-doped Na 2 ZrO 3 samples are synthesized by a solid-state reaction. These compositions are selected based on our theoretical results obtained in this work. The initial reagents are used as obtained: (a) sodium carbonate, anhydrous, 99.5%, Alfa Aesar; (b) potassium carbonate, anhydrous, 99%, Alfa Aesar; (c) lithium carbonate, anhydrous, 99% Alfa Aesar; (d) zirconium(IV) oxide, 99%, SigmaAldrich. The Na 2 ZrO 3 , Na 2−α Li α ZrO 3 , and Na 2−α K α ZrO 3 are synthesized from stoichiometric mixtures of Na 2 CO 3 , K 2 CO 3 , Li 2 CO 3 , and ZrO 2 . The corresponding mixtures are ground in an agate mortar by hand for 10 min and then transferred to an alumina crucible. The crucible is placed into a box furnace and heated at 900°C for 4 h. The samples are rapidly cooled to room temperature and then ground by hand for 10 min in an agate mortar prior to physical-property measurements. Correct stoichiometry of the products is assured based on the ratio of the starting materials.
A Panalytical X'Pert Pro diffractometer is used to collect powder diffraction patterns for the obtained samples. Scans are performed from 2θ ¼ 5°-100°, with a step size of 0.17°a nd a scan speed of 200 s= deg. The patterns are analyzed using Panalytical's Highscore Plus to determine the compositions of samples in this study.
A PerkinElmer Lambda 1050 dual-beam spectrometer is used to collect data for each compound from 200 to 2500 nm. The Kubelka-Munk equation [54] is then used to convert reflectance data into absorbance data for analysis. Band-gap values are then determined using a standard method in which the absorption edge is extrapolated to zero.
Experimental CO 2 capture studies are conducted using thermogravimetric analysis (TGA). Data are collected on a Mettler Toledo differential scanning calorimeter (DSC). For analysis, a sample of approximately 50 mg is heated from 30 to 800°C, followed by a dwell of 30 min at 800°C, under flowing carbon dioxide gas (75 ml= min). Table S1 of the Supplemental Material [55] summarizes the experimental details and the measured data.
IV. RESULTS AND DISCUSSIONS
A. Theoretical structural optimization
As described in Sec. III, the alkali-metal zirconates can be synthesized from alkali carbonates and ZrO 2 with different ratios [56] [57] [58] . As Bastow and co-workers [56] measured, the structure of Na 2 ZrO 3 is isostructural with Li 2 SnO 3 [59] and Li 2 TiO 3 [60, 61] crystallizing in a monoclinic space group C2=c (no. 15) with unit-cell parameters a ¼ 5.623 Å, b ¼ 9.749 Å, c ¼ 11.127 Å, and β ¼ 99.98°, and with eight formula units (f.u.) per unit cell. As shown in Fig. 1 , in Na 2 ZrO 3 , there are three types of Na which can be substituted by M (M ¼ Li,K) with different Na∶M ratios α to form Na 2−α M α ZrO 3 . In order to keep the symmetry unchanged, at each ratio α, two possible substitution systems (Na 2−α M α ZrO 3 -A and Na 2−α M α ZrO 3 -B) are created. The optimized structural constants of these substituted systems are summarized in Table I . ELECTRONIC STRUCTURE, PHONON DYNAMICAL … PHYS. REV. APPLIED 3, 044013 (2015)
From Fig. 1 , it can be seen that in Na 2 ZrO 3 each Zr atom is coordinated with six O's and each O coordinated with two Zr's. Along the c axis, the connected [ZrO 3 ] groups form planar layers separated by Na layers containing two types of Na [Na(1) and Na (2)]. In the [ZrO 3 ] layer, Zr is in the middle, the bonded O located on both sides of Zr, with one type of Na [Na(3)] atoms also located on the Zr plane as shown in Fig. 1 . The relationships of the concentration of M (α) versus the calculated cell volumes and energies are shown in Fig. 2 Fig. 2, overall, after Li substitution, the cell volumes of Na 2−α Li α ZrO 3 are compressed with increasing α, while with K substitution, the cell volumes of Na 2−α K α ZrO 3 are expanded with increasing α. The calculated energies of these systems have an opposite trend: the energy of Na 2−α Li α ZrO 3 is decreased with increasing α, while the energy of Na 2−α K α ZrO 3 is increased. In other words, when doping Li into Na 2 ZrO 3 , the doped Na 2−α Li α ZrO 3 is stabilized in comparison with Na 2 ZrO 3 , while when doping K into Na 2 ZrO 3 , the doped Na 2−α K α ZrO 3 is destabilized. Clearly, there are some differences between the Na 2−α M α ZrO 3 -A phase and the Na 2−α M α ZrO 3 -B phase. These results indicate that the structure of the doped system depends not only on the concentration α but also on the doping sites. Compared to M-doped Li 2 ZrO 3 mixtures, LiMZrO 3 [40] , the Na 1.0 Li 1.0 ZrO 3 has a slightly lower binding energy than LiNaZrO 3 , which means Na 1.0 Li 1.0 ZrO 3 is slightly more stable in the structure of Na 2 ZrO 3 (C12=c1) than in the structure of Li 2 ZrO 3 (C2=c). Obviously, such a structure difference will not only affect their electronic structural properties, but also their CO 2 capture performances.
B. Electronic structural properties
The calculated band structures of Na 2−α Li α ZrO 3 and Na 2−α K α ZrO 3 with different Na∶Li and Na∶K ratios are shown in Fig. 3 and Figs. S1 and S2 in the Supplemental Material [55] , respectively. Figure 3 demonstrates that increasing the Li doping level results in a slight decrease of the band-gap energy. At the same Li doping level, the band gap has a small difference of about 0.1 eV between case A and case B. Comparing Na 2−α Li α ZrO 3 with corresponding pure Na 2 ZrO 3 and Li 2 ZrO 3 , when doping Li into Na 2 ZrO 3 , the band gaps of the obtained Na 2−α Li α ZrO 3 are bigger than pure Na 2 ZrO 3 (3.295 eV) [11] but smaller than that of Li 2 ZrO 3 (3.73 eV) [10] .
Similar results also can be found in the band structures of Na 2−α K α ZrO 3 as shown in Fig. 3 and Figs. S1 and S2 of the Supplemental Material [55] . Compared to Na 2−α Li α ZrO 3 , one can see that in the case of Na 2−α K α ZrO 3 , between VB 1 and VB 2 , there is another VB (VB 3 ) which is contributed by the doped-K element. As summarized in Table II , for each Na 2−α K α ZrO 3 configuration, the gap between VB 2 and VB 3 is much smaller than that between VB 1 and VB 3 . Obviously, with increasing K-doping levels, the widths of VB 3 are increased. In this case, only Na 1.5 K 0.5 ZrO 3 -A and Na 0.5 K 1.5 ZrO 3 -B have direct band gaps while other configurations have indirect band gaps located between the Γ and M high-symmetry points. As summarized in Table II , the bandwidths of the first and second VBs for Na 2−α K α ZrO 3 with different K-doping levels are close to each other. Compared to pure Na 2 ZrO 3 and K 2 ZrO 3 , when doping K into Na 2 ZrO 3 , the band gaps of the obtained Na 2−α K α ZrO 3 are similar to pure Na 2 ZrO 3 (3.295 eV), but larger than that of K 2 ZrO 3 (2.76 eV) [11] . Part of the reason for this is that their crystal structures are quite different. Different from pure Li 2 ZrO 3 , pure K 2 ZrO 3 has an orthorhombic symmetry while Na 2−α K α ZrO 3 and Na 2 ZrO 3 have monoclinic symmetries. Figure 4 shows the calculated total density of states (TDOS) of Na 2−α M α ZrO 3 . As an example, Fig. 5 gives the corresponding partial density of states (PDOS) of Na 1.5 M 0.5 ZrO 3 . Other PDOS of Na 2−α M α ZrO 3 with Mdoping levels of α ¼ 1.0 and 1.5 are shown in Figs. S5 and S6 of the Supplemental Material [55] , respectively. It can be seen from Fig. 4(a) , after doping with Li into Na 2 ZrO 3 , the TDOS of Na 2−α Li α ZrO 3 -A and Na 2−α Li α ZrO 3 -B are similar to each other. With increasing Li-doping level, the TDOS as well as the PDOS of Na 2−α Li α ZrO 3 do not have significant changes. In contrast, when doping the same level of K into Na 2 ZrO 3 , the TDOS and PDOS of Na 2−α K α ZrO 3 -A and Na 2−α K α ZrO 3 -B have significant differences as shown in Figs. 4(b) , 5(b), and Figs. S5 and S6 in the Supplemental Material [55] , which means that the doping sites do play a significant role in their electronic properties. With increasing K-doping level, the VB 3 , formed solely by K p orbitals, is broader, shifted to a higher energy range, and split into more than one subband, as shown in Figs. 3-5 and Figs. S1, S2, S5, and S6 [55] .
C. Dynamical phonon properties
As described in Sec. IVA, there are eight unit formulas (Z ¼ 8) in the Na 2 ZrO 3 unit cell. However, its primitive cell only contains four formula units. Therefore, there are 72 phonon modes in all Na 2−α M α ZrO 3 (M ¼ Li,K) because the doped systems have the same symmetry as Na 2 ZrO 3 , with corresponding point group C 2h , which has the following representations:
Obviously, all of the vibrational modes are nondegenerate (A u , A g , B u , and B g ) because their crystal point groups are quite low with C 2h . Among these vibrational modes, 33 are only Raman active, while 39 are only infrared active.
As an example, the calculated phonon dispersions of Na 1.5 M 0.5 ZrO 3 are shown in Fig. 6 . Other calculated phonon dispersions of Na 1.0 M 1.0 ZrO 3 and Na 0.5 M 1.5 ZrO 3 are shown in Figs. S7 and S8 of the Supplemental Material [55] , respectively. Obviously, there are two soft modes in Na 1. 5 Li 0.5 ZrO 3 -A, one soft mode in Na 1.0 Li 1.0 ZrO 3 -A, and four soft modes in Na 0.5 Li 1.5 ZrO 3 -B, which indicate these structures are not stable compared to other configurations at different Li-doping levels. Such results are consistent with the calculated DFT total energies listed in Table II . In contrast, for K-doped Na 2 ZrO 3 systems, only Na 1.5 K 0.5 ZrO 3 -B has a few soft modes. These results indicate that the Na 2 ZrO 3 is more stable when doped with K than with Li. It should be pointed out that although these doped systems with soft modes are less stable (compared to corresponding ones without soft modes and will not be used for the following CO 2 capture analysis), further understanding what causes these soft modes is an interesting topic which may lead to other useful applications.
The calculated total phonon density of states (TPDOS) of Na 2−α Li α ZrO 3 and Na 2−α K α ZrO 3 are shown in Fig. 7 . It can be seen that there are some differences between TPDOS of Na 2−α M α ZrO 3 -A and Na 2−α M α ZrO 3 − B. With increasing Li-doping level, the TPDOS spans to a ELECTRONIC STRUCTURE, PHONON DYNAMICAL … PHYS. REV. APPLIED 3, 044013 (2015) 044013-9
higher frequency range while, with increasing K-doping level, the TPDOS shrinks to lower frequency. The reason is that the Li is lighter than Na while K is heavier than Na. Based on the calculated phonon dispersion frequencies and density of states, the phonon free energy [F ph (T)] and entropy [S ph (T)] of doped systems Na 2−α M α ZrO 3 versus temperatures are evaluated and shown in Figs. 8 and 9 , respectively. Obviously, the zero-point energy (E ZP ) can be obtained from Fig. 8 by setting T ¼ 0 K. In Table II , we list the calculated zero-point energies and the roomtemperature entropies of these doped systems Na 2−α M α ZrO 3 . Overall, the entropies of Na 2−α K α ZrO 3 are larger than corresponding Na 2−α Li α ZrO 3 . It can be seen from Figs. 8 and 9 , that with increasing the Li-or K-doping level, although there are some differences, the F ph ðTÞ and S ph ðTÞ do not change much. Therefore, according to Eqs. (2) and (3), the E DFT plays an important role for evaluating the thermodynamic properties of the CO 2 capture reactions by these doped solids. In the following thermodynamic analysis, we only use those systems without soft modes and with lower E DFT .
D. Capabilities of CO 2 capture
Experimental investigations showed that the alkali-metal zirconates are potential solid sorbents for CO 2 capture because of their large CO 2 sorption capacity, infinite CO 2 -N 2 or CO 2 -H 2 selectivity, good reversibility, and high operating temperature [4, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . From Eq. (1), when P CO 2 ¼ P 0 ¼ 1 bar, the ΔμðTÞ is identical to the standard Gibbs free-energy change ΔGðTÞ. According to Eqs. (1), (2) , and (3), the calculated thermodynamic properties [ΔHðTÞ, ΔGðTÞ, ΔSðTÞ] of the capture reactions [given above Eq. (1)] versus the temperatures are plotted in Fig. 10 and also summarized in Table III. One can see from Figs 
FIG. 9. The calculated entropies versus temperatures of
associated with releasing CO 2 from the corresponding carbonates gets larger as one raises the temperature. However, the Gibbs free-energy changes of the CO 2 capture reactions by these mixed sorbents increase with the increasing temperatures and reach zero at a certain turnover temperature (T t ) for different mixtures, as shown in Fig. 10(c) . Above T t , the doped material will not absorb CO 2 anymore and the capture reaction starts to reverse to release CO 2 .
According to Eq. (1), for the reactions of Na 2−α M α ZrO 3 capturing CO 2 , we can explore the relationship among the chemical-potential change [ΔμðT; PÞ], the temperature (T), and the CO 2 pressure (P CO 2 ). In Fig. 11 , we show this kind of relationship (van 't Hoff plots) for the capture reactions. For comparison, the results of pure M 2 ZrO 3 (M ¼ Li,Na, K) [10, 11] are also plotted in the same figure. The line in Fig. 11 indicates that for each CO 2 capture reaction, the ΔμðT; PÞ → 0. Around the line is a good region for the absorption and desorption because the energy costs of performing absorption and desorption are low. Above the line, the solid Na 2−α M α ZrO 3 is favored to absorb CO 2 and to form carbonates M 2 CO 3 and ZrO 2 , while below the line the carbonates are favored to release CO 2 and regenerate the initial solids.
As described above and shown in Fig. 11 , all of the absorption reactions have the potential to be thermodynamically favorable over quite a wide range of temperatures (<1000 K) and P CO 2 , which means in this temperature range the CO 2 absorption is thermodynamically favored in Na 2−α M α ZrO 3 . But as a CO 2 solid sorbent, the sorbent should not only easily absorb CO 2 at the first half-cycle but also should be easily regenerated from products (M 2 CO 3 and ZrO 2 , for example) to release the CO 2 at the second half-cycle. The operating conditions of absorption or desorption depend on the pre-and postcombustion technologies. Under precombustion conditions, after the water-gas shift reaction, the gas stream mainly contains CO 2 , H 2 O, and H 2 . The partial CO 2 pressure is around 20-25 bar and the ELECTRONIC STRUCTURE, PHONON DYNAMICAL … PHYS. REV. APPLIED 3, 044013 (2015) 044013-11 temperature is around 300-350°C. For precombustion, the programmatic goal of the Department of Energy (DOE) is to capture at least 90% CO 2 with cost in electricity no more than 10% [62, 63] . To minimize energy consumption, the ideal sorbents should work within these pressure and temperature ranges to separate CO 2 from H 2 . The turnover temperature at these pressures, denoted T 1 , is listed in Table III , and is the temperature above which the Na 2−α M α ZrO 3 cannot absorb CO 2 anymore and will start to release CO 2 . This result indicates during the first half cycle when CO 2 is captured, the operating temperature should be lower than T 1 , whereas the operating temperature may be higher than T 1 (depending on the desired CO 2 pressure) during the second half-cycle when sorbents regenerate and release CO 2 . For postcombustion conditions, the gas stream mainly contains CO 2 and N 2 , the partial pressure of CO 2 is around 0.1-0.2 bar, and the temperature range is quite different, but the low-temperature capture is desired. The DOE programmatic goal for postcombustion and oxycombustion CO 2 capture is to capture at least 90% CO 2 with the cost in electricity no more than 35%, whereas in the case of precombustion CO 2 capture, the goal is to capture at least 90% CO 2 with the cost in electricity no more than 10% [62, 63] . The turnover temperatures (denoted as T 2 ) for postcombustion capture CO 2 by Na 2−α M α ZrO 3 are also listed in Table III.  From Table III and Fig. 11 , one can see that, compared with the desired precombustion condition (573-723 K), only Na 1.0 Li 1.0 ZrO 3 and Na 0.5 Li 1.5 ZrO 3 have their T 1 close to the high end of the precombustion condition. Therefore, when doping at least 50% Li into Na 2 ZrO 3 , the newly formed Li-doped Na 2 ZrO 3 could be used for precombustion CO 2 capture technology. Obviously, the lower Lidoped (<50%) and all K-doped Na 2 ZrO 3 are not good sorbents for capturing CO 2 in precombustion technology. However, all of the Li-and K-doped Na 2 ZrO 3 materials could be used for high-temperature postcombustion CO 2 capture with T 2 in the range of 665 K-1015 K as listed in Table III .
Compared to pure Na 2 ZrO 3 , the Li-and K-doped mixtures have lower turnover temperatures. The amount by which T t is shifted not only depends on the doped element, but also depends on the doping level. Obviously, as shown in Table III and Fig. 11 , the Li-doped systems have a larger T t decrease than the K-doped systems. When increasing Li-doping level α, the T t of the corresponding mixture Na 2−α Li α ZrO 3 decreases further to a lowtemperature range. However, in the case of K-doped systems Na 2−α K α ZrO 3 , doping K into Na 2 ZrO 3 initially shifts its T t to lower temperatures but further increase in the K-doping level α causes T t to increase. In other words, Li doping of Na 2 ZrO 3 has a more beneficial influence on its CO 2 capture performance than K doping. Figure 12 shows the CO 2 capture performances of pure Na 2 ZrO 3 and one doping level α ¼ 0.5 Na 1.5 M 0.5 ZrO 3 . The experimental results clearly show that, compared to pure Na 2 ZrO 3 , both Na 1. 5 Li 0.5 ZrO 3 and Na 1.5 K 0.5 ZrO 3 have higher CO 2 capture capacities. Compared to Na 1.5 K 0.5 ZrO 3 , the Na 1.5 Li 0.5 ZrO 3 has higher CO 2 capacity and reaches to the maximum faster and at lower temperature.
At low temperatures, the superficial CO 2 captures are not so different, although the final ones (associated with the bulk capture process) are significantly different, among the samples. While the pristine Na 2 ZrO 3 captured 9.11 wt %, Na 
The typical CO 2 pressures for pre-and postcombustions are given in blue lines. The y axis is plotted in logarithm scale. Only the Δμ ¼ 0 curve is shown explicitly. For each reaction, above its Δμ ¼ 0 curve, Δμ < 0, which means Na 2−α M α ZrO 3 absorbs CO 2 and the reaction goes forward, whereas below the Δμ ¼ 0 curve, Δμ > 0, which means the CO 2 starts to release and the reaction goes backward to regenerate the sorbents. bulk capture process (400-750°C) in Na Apart from the theoretical data discussed and experimentally corroborated above, all of these results validate different diffusion and kinetic analyses previously reported. In a previous study [30] , the experimental results clearly showed that CO 2 capture in Na 2−α Li α ZrO 3 samples increased significantly, as a function of the lithium content. However, as shown in Figs. 10 and 11 , the theoretical results here did not anticipate such a high difference. Thus, the explanation must be related to kinetic factors. The kinetic factors may be related to the structural variations mentioned previously and/or to eutectic phase formation [ðNa; LiÞ 2 CO 3 ], which induces a partial fusion. In any case, the diffusion processes must be enhanced due to mixing the alkaline elements in the Na 2−α M α ZrO 3 and further calculations are under way. It should be pointed it out that, in order to fully understand the kinetic mechanisms of CO 2 sorption or desorption by those thermodynamically feasible solid materials, simulations are in high demand for CO 2 reacting with a sorbent and diffusing through the formed carbonate shell as well as for the formation of products. Na 2−α M α ZrO 3 materials can be stoichiometrically regarded as a mixture of three oxides: Na 2 O, M 2 O, ZrO 2 in the ratio ð2 − αÞ∶α∶1. In Table III , we list these ratios for the corresponding M-doped Na 2 ZrO 3 with different doping levels. As we know, for a given CO 2 capture process, the optimal working temperature range (ΔT O ) is desired to be fixed. Meanwhile, at a given CO 2 pressure, the T t of an individual solid capture CO 2 reaction is also fixed. However, such T t may be outside the ΔT O for a particular capture technology. In order to adjust T t to fit the ΔT O , we demonstrate that this adjustment can be achieved by mixing two different types of solids to shift T t to the practical operating ΔT O range [7] [8] [9] . This study further provides ways that mixing or doping more than two oxides to form new sorbents can fit the industrial needs to capture CO 2 with better performance and proper working conditions.
V. SUMMARY AND CONCLUSIONS
We investigate the electronic structural and phonon properties of Na 2−α M α ZrO 3 (M ¼ Li,K, α ¼ 0,0.5,1.0, 1.5,2.0) by density-functional theory and first-principles determination of phonon dynamics. The thermodynamic properties of CO 2 absorption or desorption in these materials are analyzed.
With increasing doping level α, the binding energies of Na 2−α Li α ZrO 3 increase while the binding energies of Na 2−α K α ZrO 3 decrease, destabilizing the structure. The Na 2−α Li α ZrO 3 for different doping levels (α ¼ 0.5,1.0,1.5) and configurations (case A and B) have two VBs and their shapes look similar to each other. Except for Na 0.5 Li 1.5 ZrO 3 -A which has a direct band gap, all others have indirect band gaps located between the Γ and M highsymmetry points. However, in the case of Na 2−α K α ZrO 3 , between VB 1 and VB 2 , there is another VB 3 , which is contributed by the doped-K element and its width is increased with increasing K-doping level. Compared to pure M 2 ZrO 3 (M ¼ Li,Na,K), due to their different crystal structures, when doping Li into Na 2 ZrO 3 , the band gaps of the obtained Na 2−α K α ZrO 3 are larger than those of pure Na 2 ZrO 3 but smaller than those of Li 2 ZrO 3 . When doping K into Na 2 ZrO 3 , the band gaps of the obtained Na 2−α K α ZrO 3 are similar to those of pure Na 2 ZrO 3 but larger than those of K 2 ZrO 3 . The calculated density of states showed that, at the same doping level, the doping sites play significant roles in the electronic properties.
As in Na 2 ZrO 3 , Na 2−α M α ZrO 3 possesses 72 phonon modes. Among them, 33 modes are Raman active and 39 modes are infrared active only. Calculated imaginary frequencies found in several doped configurations indicate that the structures are not stable compared to other configurations with different doping levels. Based on the calculated phonon frequencies and density of states, the obtained phonon free energies and entropies of Na 2−α M α ZrO 3 (with different doping levels α and different doping sites) do not have large differences with increasing temperature. Hence, the calculated E DFT of each doped system plays an important role for evaluating the thermodynamic properties of CO 2 capture reactions.
From the calculated relationships among the chemicalpotential change, the CO 2 pressure and the temperature for CO 2 capture reactions by Na 2−α M α ZrO 3 , and from TGA experimental measurements, the Li-and K-doped mixtures (Na 2−α M α ZrO 3 ) have lower turnover temperatures and higher CO 2 capacities than the pure Na 2 ZrO 3 . The calculated results show that the shift in T t depends not only on the doping element, but also depends on the doping level. The Li-doped systems have larger T t decreases than the Kdoped systems. When increasing the Li-doping level α, the T t of the corresponding mixture Na 2−α Li α ZrO 3 decreases further to a low-temperature range. However, in the case of K-doped systems Na 2−α K α ZrO 3 , although initial doping of K into Na 2 ZrO 3 can shift its T t to a lower temperature range, further increasing the K-doping level α results in an increase in T t . Therefore, compared to K-doping, lithium inclusion into a Na 2 ZrO 3 structure has a larger influence on the CO 2 capture performance.
All of these results may be of interest in the development of specific CO 2 capture applications. As is shown, the Na 2−α Li α ZrO 3 and Na 2−α K α ZrO 3 compositions can produce modifications in the CO 2 capture temperatures, which may be used in the design of a specific composition depending on the temperature range that industry requires. Our work shows that the capture of CO 2 in zirconate materials is not simply a matter of a substitutional element, but also relies on the doping level. This insight needs to be considered during future sorbent development. We also demonstrate that computational methods can be used to accurately predict aspects of CO 2 capture and such methods the potential to drive future work by identifying the most promising candidate materials.
